Approximately 50% of chronic myeloid leukemia (CML) patients in deep remission experience a return of clinical CML after withdrawal of tyrosine kinase inhibitors (TKIs). This suggests signaling of inactive BCR-ABL, which allows for survival of cancer cells, leading to relapse. Understanding the dynamics of BCR-ABL signaling complex holds a key to the mechanism of BCR-ABL signaling. Here, we demonstrate that TKIs inhibit catalytic activity of BCR-ABL, but do not dissolve the BCR-ABL core signaling complex consisting of CrkL, SHC1, Grb2, SOS1, cCbl, and SHIP2. We show that CrkL binds to proline-rich regions located in C-terminal, intrinsically disordered region of BCR-ABL, that deletion of pleckstrin homology domain of BCR-ABL diminishes interaction with SHC1, and that BCR-ABL sequence motif located in disordered region around phosphorylated tyrosine 177 mediates binding of at least three core complex members, the Grb2, SOS1 and cCbl. Introduction of Y177F substitution blocks association with Grb2, SOS1 and cCbl. Further, we identified SHIP2 binding sites within the src-homology and tyrosine kinase domains of BCR-ABL. We found that BCR-ABL is unable to phosphorylate SHC1 in cells lacking SHIP2. Reintroducing SHIP2 into Ship2 knock-out cells restored SHC1 phosphorylation, which depended on inositol phosphatase activity of SHIP2. Our findings provide characterization of proteinprotein interactions in the BCR-ABL signaling complex, and support the concept of targeting BCR-ABL signaling in CML by inhibition of its interactions with the members of the core complex. Chronic myeloid leukemia (CML) is a clonal myeloproliferative disorder characterized by the t(9;22)(q34;q11) translocation. This translocation generates a fusion oncogene containing part of the breakpoint cluster region (
Introduction therapy with different TKIs will lead to continual selection of novel mutations in BCR-ABL (Modugno 2014) .
Finally, TKIs suppress but not eradicate CML. The slowly proliferating leukemia stem cells are poorly targeted with TKIs (Corbin et al. 2011 ). The heterogenous cell pool that constitutes CML originates in a rare population of stem cells capable to recapitulate CML even after the deep molecular remission. This is evident in TKI discontinuation trials, which report a return of clinical CML after TKI withdrawal in approximately 50% of CML patients in deep remission, suggesting that long-term blockade of BCR-ABL kinase activity by TKIs alone is not sufficient to cure CML (Rousselot et al. 2014) . This, together with other adverse aspects of TKI use such as their side effects and high economic costs of the life-long therapy necessitates development of conceptually novel treatments for CML. To achieve this goal, we first need to completely understand the mechanics of BCR-ABL signal transduction, as the BCR-ABL may play other roles beyond the constitutively active tyrosine kinase. The proteinprotein interactions within the BCR-ABL signaling complexes may remain preserved when its kinase activity is inhibited by TKIs, leading to residual signaling necessary for survival of CML cells.
The main downstream signaling pathways utilized by BCR-ABL to regulate cell functions are well established. In contrast, the composition of BCR-ABL interactome, i.e. the pool of signaling intermediates associating directly with BCR-ABL is only beginning to emerge. Active BCR-ABL is phosphorylated on tyrosines 177, 1127 and 1294 (Mitra et al. 2013) , which serve as docking sites for binding of proteins containing SH3 and PTB domains. Several such proteins have been identified, including adapters Gab2, CrkL and SHC1, adapter/phosphatase SHP2, p85 subunit of the PI3-kinase, ubiquitin ligase cCbl, and others (Brehme et al. 2009 ). This study was carried-out to map the protein-protein interactions within the BCR-ABL signaling complex in detail, and elucidate the dynamics of the BCR-ABL signaling complex in the active and TKI-inhibited state of BCR-ABL.
Results and discussion
Inhibition of BCR-ABL kinase activity does not dissolve the BCR-ABL signaling complex TKIs inhibit kinase activity of BCR-ABL but may not interfere with the protein-protein interactions within the BCR-ABL signaling complex, particularly those which are not mediated by phosphorylated tyrosine motifs. We asked whether the inhibition of BCR-ABL kinase activity results in disintegration of its signaling complex. We expressed p210 BCR-ABL in 293T cells, inhibited its catalytic activity by nilotinib, and compared the size of BCR-ABL complexes in active and inactive state by ultracentrifugation in 15-40% sucrose gradient. Cell treatment by 100 nM nilotinib lead to complete suppression of BCR-ABL kinase activity, evidenced by the lack of autophosphorylation at Tyr412 (Fig. 1A) . Inhibition of BCR-ABL kinase activity resulted in a partial shift in the BCR-ABL complexes towards lighter sucrose fractions, suggesting partial dissociation of the BCR-ABL signaling complex. The members of BCR-ABL core signaling complex p85α-PI3K, GRB2, SHIP2, SHC1, SOS1, SHP2 and cCBL (Brehme et al. 2009 ) co-sedimented with BCR-ABL in sucrose gradient ( Fig. 1A) ; virtually no co-sedimentation was found with CRK, CRKL or GAB2 (not shown). Despite the complete inhibition of the BCR-ABL activity, evidenced as the lack of autophosphorylation at Tyr412, nilotinib did not cause the exclusion of any of the endogenously expressed interactors from the co-sedimentation with BCR-ABL. Quantification of western blot analysis of proteins saturated on BCR-ABL, i.e. those which majority co-sedimented with BCR-ABL in 293T cells (p85α-PI3K, GRB2 and SHIP2) shows that portion of GRB2, but not SHIP2 or p85α-PI3K dissociated from the BCR-ABL complex after nilotinib treatment ( Fig. 1B ), suggesting only partial dissolution of BCR-ABL signaling complex in 293T cells treated with nilotinib. Similar data were found in 293T cells transfected with p210 BCR-ABL and in K562 cells, a permanent cell line established from CML patient, which express endogenous BCR-ABL (Figs. S1, S2). The association of BCR-ABL with GRB2 and SHIP2 in 293T cells expressing p190 BCR-ABL was confirmed by proximity ligation assay (PLA). In PLA analyses, inhibition of BCR-ABL kinase activity by nilotinib lead to statistically-significant decrease in interaction with co-transfected GRB2 or SHIP2, but at least 50% of the interaction was preserved for both partners, when compared to active BCR-ABL (Fig. 1C ). Next, the protein lysates of NIH3T3 cells expressing p210 BCR-ABL were resolved by blue-native (BN)-PAGE to separate protein complexes, which were then analyzed by second-dimension SDS-PAGE to obtain their individual components ( Fig.  2A, B ). Immunoblotting revealed ∼ 600-kDa protein complex containing BCR-ABL, SHIP2 and GRB2 (Fig. 2C ). Quantification of the percentage of bound GRB2 and SHIP2 shows that inhibition of BCR-ABL catalytic activity with nilotinib or kinase inactivating mutations K271H (Preyer, Vigneri, and Wang 2011) did not inhibit SHIP2 association with BCR-ABL, while it significantly suppressed GRB2 association ( Fig. 2D ). Yet an approximately 30% of GRB2 still associated with kinase-inactive BCR-ABL, or BCR-ABL with Y177F substitution, which is known to disable the GRB2 binding motif on BCR-ABL (Pendergast et al. 1993; Goga et al. 1995) .
Finally, the immunoprecipitation was used to study the integrity of BCR-ABL complex. 293T cells were transfected by p190 or p210 variants of BCR-ABL and BCR-ABL association with endogenously expressed SOS1, SHIP2, cCBL, SHC1 and p85a-PI3K was probed by co-immunoprecipitation. All studied interactors co-immunoprecipitated with both variants of BCR-ABL ( Fig. 3A ). Nilotinib reduced this association, but significant amounts of SOS1, SHIP2, cCBL and SHC1 still co-immunoprecipitated with BCR-ABL; no association of p85a-PI3K with BCR-ABL was found in cells treated with nilotinib ( Fig. 3A , green arrows). Because endogenous STS1 and CRKL were not detected by western blot in 293T cells, transient transfection followed by immunoprecipitation was used to probe their interaction with BCR-ABL. Nilotinib suppressed, but did not abrogate STS1 and CRKL interaction with BCR-ABL ( Fig. 3B , C; green arrows); similar results were obtained in experiments probing STS1 and CRKL association with BCR-ABL KD mutant ( Fig. 3B , C; blue arrows). The endogenous GRB2 is difficult to detect in BCR-ABL immunocomplexes because is co-migrates with IgL. We therefore transfected GRB2 into 293T cells and probed association of BCR-ABL with GRB2 immunocomplexes. Figure 3D shows significant association of GRB2 with BCR-ABL, kinase-inactive due to the nilotinib treatment or KD mutations.
Interaction of GRB2, SOS1, cCBL and SHC1 with BCR-ABL Secondary structure prediction of p210 BCR-ABL indicates two disordered regions, located between the CC and DH domains, and between TK and FABD domains (Figs. 4, 5A) . Because the peptide microarrays may be used to elucidate protein-protein interaction epitopes in both structured and unstructured proteins, we used this technology to characterize, in detail, the binding epitopes between BCR-ABL and members of its core complex. Thirteen amino acid long peptides corresponding to the primary sequence of p210 BCR-ABL were spotted on microarrays, incubated with interacting protein of interest, and analyzed as described in Material and Methods (Fig. 5B ).
Microarray data indicated that GRB2 binds to Y177 in BCR-ABL, and that this interaction is highly specific for phosphorylated version of Y177; the same Y177 peptides lacking the phosphorylation showed no interaction with GRB2 ( Fig. 5C ). Furthermore, microarrays revealed five more potential binding sites, two of them in disordered region of BCR and three in disordered region of ABL ( Fig. 5A, Fig. S1A ). Three of these sites contained PxxxR motif that is partial consensus binding motif of Grb2 C-terminal SH3 domain (PxxxRxxKP) (Lewitzky et al. 2001) . To verify these binding sites, we generated several deletion variants of p210 BCR-ABL ( Fig. 4) , and probed the co-immunoprecipitation of these variants with V5-tagged GRB2 in 293T cells. BCR-ABL mutant Y177F had completely abolished binding to GRB2, as well as BCR-ABL with deleted N-terminal part of BCR including Y177 (BCR-ABL-BT) ( Fig. 5D ). Interaction of KD-BCR-ABL with GRB2 was largely limited, but still detectable. Given that Y177 is known to be autophosphorylated by BCR-ABL, it is possible that in KD BCR-ABL, other proteins are able to phosphorylate Y177 and create GRB2 binding site, as found before (Warmuth et al. 1997; Meyn et al. 2006 ). Deletion of IDR did not have effect on Grb2 binding and GRB2 did not bind to construct expressing only IDR sequence, suggesting these sites are not essential for GRB2 binding ( Fig.  5H and data not shown).
Microarray data yielded no potential binding sites for cCBL despite extensive optimization and use of two different recombinant cCBL proteins ( Fig. S1B ). Interestingly, co-immunoprecipitations of endogenous cCBL revealed that Y177F substitution almost entirely abolished cCBL interaction with BCR-ABL. Because cCBL is known constitutive GRB2 interactor in various cells types (Buday et al. 1996; Donovan et al. 1994; Meisner et al. 1995; Panchamoorthy et al. 1996) , we speculate that cCBL binds indirectly to BCR-ABL via GRB2 (Fig. 5H ). This explains loss of cCBL binding to Y177F mutant that is defective for GRB2 binding. Furthermore, inactivation of BCR-ABL kinase activity (i.e. the ability to autophosphorylate Y177), by deletion of SH3-SH2-TK and TK domains, or introduction of KD substitutions also lead to loss of cCBL binding (Fig. 5E, F) .
SHC1 is an adaptor protein that is capable of phosphotyrosine binding and it has three isoforms, p66, p52 and p46 which contain N-terminal PTB domain and C-terminal SH2 domain that flank central collagen homology 1 region. The PTB domain recognizes minimal NPXpY motif and extended LXNPTpY motif is needed for high affinity interaction (Trb et al. 1995) . These motifs are not present in BCR-ABL. Microarray data showed multitude of potential binding sites mainly focused into the IDR region; no phosphotyrosine binding sites were identified ( Fig. S1C , Tab. S4). SHC1 binding depended on tyrosine kinase activity of BCR-ABL, as the KD-BCR-ABL, Δ SH3-SH2-TK-BCR-ABL and BT constructs did not bind SHC1 ( Fig. 5E ). Similarly, deletion of TK domain again almost entirely abolished SHC1 binding ( Fig. 5F , arrow). Deletion of PH domain also showed decreased interaction with SHC1 by approximately 70% (Fig. 5F, 5G ). To evaluate SHC1 binding more precisely we used individual deletions of SH3, SH2 and TK domains, as well as substitutions W118A and S173N, inactivating proline rich binding function of SH3 and phosphotyrosine binding function of SH2, respectively (Brasher, Roumiantsev, and Van Etten 2001; Grebien et al. 2011 ). These individual deletions as well as substitutions decreased SHC1 interaction, however only deletion of TK domain abolished interaction almost completely ( Fig. 5F, 5G ).
Interaction of CRKL and SHIP2 with BCR-ABL CRKL adapter is a major substrate of BCR-ABL that is heavily phosphorylated in CML cells (Oda et al. 1994; ten Hoeve et al. 1994; Nichols et al. 1994) . CRKL was shown to bind proline rich motifs APELPTKTR (PR1) and EPAVSPLLPRK (PR2) in IDR motif of ABL (R. Ren, Ye, and Baltimore 1994) . The contribution of these sites for CRKL interaction with BCR-ABL however remains controversial, as the removal of entire motifs compromises binding, while more subtle deletions show no effect (Senechal, Halpern, and Sawyers 1996; Sattler et al. 2002; Heaney et al. 1997 ). Our microarray data showed four potential binding sites in structured regions of BCR-ABL, including phosphopeptides with tyrosines Y89 in SH3 domain, Y134 in SH3-SH2 linker and Y312 in TK domain and a peptide within FABD region ( Fig. 6A) . Peptides corresponding to the PR1 and PR2 sites were also positive, but were not formally considered as binding site as we only take into account three or more consecutive peptides with positive signal. The co-immunoprecipitation experiments showed that deletion of IDR domain eliminated binding to CRKL (Fig. 6B ). Deletion of SH3-SH2-TK regions also abolished interaction with CRKL, however this deletion included also the PR1 site. Co-IP with BCR-ABL variants Δ PR1 and Δ PR1-2 containing smaller deletions within the IDR region showed that deletion that encompasses PR1 and PR2 sites has the biggest effect on CRKL binding ( Fig. 6B; arrows) . The individual deletion of SH2 and SH3 domains has no effect on binding, in contrast to deletion of TK domain showed reduction in CRKL binding, however this deletion also encompassed PR1 site. To evaluate if phosphorylated tyrosines Y89, Y134 and Y312 contribute to the CRKL interaction with BCR-ABL, we exchanged all three tyrosines for phenylalanines (BCR-ABL-3YF). This mutant interacted with CRKL normally, suggesting that these signals were false positives. Similarly, the interaction with FABD, identified by microarray, was not confirmed by coimmunoprecipitation ( Fig. 6D ). As cCBL is known CRKL interactor, we evaluated binding of cCBL to BCR-ABL in CRKL co-immunoprecipitation experiments as well. cCBL interaction with Δ PR1 and Δ PR1-2 mutants is limited as well, suggesting that some fraction of cellular cCBL binds to BCR-ABL via CRKL (Fig. 7B ).
SHIP2 is an inositol 5'phosphatase whose catalytic activity removes 5'phosphate from phosphatidyl inositol triphosphates PI(3,4,5)P 3 , converting them into PI(3,4)P 2 . SHIP2 has role in signaling after activation of hematopoietic growth factor receptors leading to its phosphorylation and SHC1 association (Wisniewski et al. 1999; Srivastava, Sudan, and Kerr 2013) . Depending on the cellular context, SHIP2 can either be anti or pro-oncogenic (Taylor et al. 2000; Hoekstra et al. 2016) , however its role in CML has not been established. SHIP2 is constitutively phosphorylated in both primary CML cells and p210 expressing cells (Odai et al. 1997; Wisniewski et al. 1999) . Phosphorylated SHIP2 was found to bind SH3 domain of BCR-ABL but not the SH2 domain (Wisniewski et al. 1999 ). Our microarray data showed multitude of potential binding sites mostly falling into ordered domains of BCR-ABL, including SH3-SH2-TK domains, and phosphorylated tyrosines, Y89, Y134, Y158, Y257, Y312 and Y469 located within these domains ( Fig. 6C ). To test these putative binding sites, we co-expressed BCR-ABL constructs with SHIP2 and verified if SHIP2 coimmunoprecipitated with BCR-ABL. Deletion of SH3-SH2-TK domains partially abolished interaction with SHIP2, similar the BCR-ABL-KD mutant ( Fig. 6D ; arrows). The Y177F substitution in BCR-ABL, as well as deletion of DH-PH, IDR and FABD domains produced no effect on interaction with SHIP2. Individual deletions of SH3 and SH2 (ΔS3, Δ S2) had no effect on SHIP2 association with BCR-ABL, in contrast to deletion of TK domain, which abolished the binding almost completely ( Fig. 6D; arrows) . Finally, to verify if the interaction is mediated by phosphorylated tyrosines within SH3-SH2-TK domains, we created mutant BCR-ABL with 6 tyrosines selected by microarray were mutated to phenylalanines (Y89F, Y134F, Y158F, Y257F, Y312F and Y469F; BCR-ABL-6YF). SHIP2 and BCR-ABL-6YF coimmunoprecipitated normally. Because SHIP2 is known to bind SHC1 (Wisniewski et al. 1999) , we evaluated whether binding of SHIP2 to BCR-ABL is dependent on SHC binding. Their binding to BCR-ABL deletion constructs shows similar pattern, suggesting that they may bind cooperatively. However, Δ TK construct can still partially bind SHIP2, but no SHC1, suggesting that SHIP2 binding is not entirely dependent on SHC1 (Fig. 6D ).
Interaction of p85a-PI3K and STS1 with BCR-ABL p85a is a small regulatory subunit of phosphatidyl inositol 3-kinase (PI3K). Inhibiting p85a-PI3K expression or PI3K activity leads to inhibition of growth in BCR-ABL positive cells, identifying p85a-PI3K as important interactor (Skorski et al. 1995 (Skorski et al. , 1997 . p85a-PI3K contains SH3, RhoGAP and two C-terminal SH2 domains. Consensus binding motif for p85a-PI3K is phosphorylated YxxM motif (S. Zhou et al. 1993 ) and its binding by SH2 domain of p85a-PI3K leads to activation of PI3K activity in cells (Escobedo et al. 1991; Holt et al. 1994) .
Notably, there is one YxxM motif present in BCR-ABL TK domain involving Tyr469, however its mutation showed no effect on BCR-ABL association with p85a-PI3K or PI3K activation (Jain et al. 1996) . Our microarray analysis revealed two potential binding sites that were only five residues apart and included phosphotyrosines Y134 in the SH3 and Y158 in SH2 domain (Fig. 7A ). To verify if these two tyrosines mediate binding of p85a-PI3K to BCR-ABL, we created double mutant with Y134 and Y158 mutated to phenylalanines (2YF). This mutant had no effect on p85a-PI3K binding (Fig. 7B) , however, coimmunoprecipitations with basic deletion toolkit revealed decrease in p85a binding to virtually all constructs. Binding was almost abolished by Δ ST and KD mutant. Deletion of Nterminal part also showed decrease in p85a binding, again likely to be caused by lack of kinase activity. Y177F substitution showed about 50% decrease in p85 binding, Deletion of DH and PH domains abrogated interaction with p85a by cca 80%, deletion of IDR by 70% and deletion of FABD domain by 40% (Fig. 7C ). This complex mode of binding to BCR-ABL may reflect the fact that p85 has ability to bind multiple components within the BCR-ABL complex, such as CBL, SHC1 and GAB2 (S. Ren et al. 2005) .
STS1 is a tyrosine phosphatase that was recently found to facilitate BCR-ABL dephosphorylation and thus appears to be negative regulator of BCR-ABL kinase activity (Mian et al. 2019 ). It has UBA domain, SH3 and protein tyrosine phosphatase domain. Proteomic screens revealed that STS1 has high preference for p210 BCR-ABL over p190 BCR-ABL, that lacks DH and PH domains (Reckel et al. 2017; Cutler et al. 2017 ). We did not detect any signals indicative of interaction between STS1 and BCR-ABL on microarrays, despite optimization and use of two different recombinant STS1 (not shown). Coimmunoprecipitation experiments show that kinase activity of BCR-ABL is essential for STS1 binding, as BCR-ABL-KD and deletion of SH3-SH2-TK domains completely abolished STS1 binding (Fig. 7D ). Interaction of STS1 with p190 BCR-ABL lacking DH and PH domains is also largely limited. However, smaller deletions of these domains Δ DP and deletion of PH domain Δ P1 do not limit interaction with STS1, suggesting that the entire region missing in p190 (aa 425-927) is necessary for STS1 interaction.
SHIP2 is required for BCR-ABL-mediated phosphorylation of SHC1 In order to elucidate the role of SHIP2 in BCR-ABL mediated signaling, we abolished endogenous SHIP2 expression by CRISPR/Cas9 in 293T cells (Ship2 Crispr cells), transfected these cells with BCR-ABL, and determined the effect of SHIP2 loss on BCR-ABL-mediated signaling. In contrast to wildtype 293T cells, Ship2 Crispr cells could not phosphorylate SHC1 on tyrosines 239 and 240 (Fig. 8A) . Addition of wildtype SHIP2 back into Ship2 Crispr cells rescued SHC1 phosphorylation. However, co-transfecting SHIP2 with inactivated phosphatase activity (PD) only partially rescued SHC1 phosphorylation, suggesting that SHIP2 catalytic activity is important for BCR-ABL-mediated SHC1 phosphorylation (Fig.  8B) . As SHIP2 and SHC1 are known interactors (Wisniewski et al. 1999) , we asked if SHC1 will interact with BCR-ABL in Ship2 Crispr cells. SHC1 interacted with BCR-ABL normally in Ship2 Crispr cells (Fig. 8C) .
We present here detailed characterization of BCR-ABL complex. All of the proteins evaluated were sensitive to kinase activity of BCR-ABL and with the exception of CRKL, their binding to KD BCR-ABL was severely reduced. It is likely that at least some interactors need to be phosphorylated in order to bind BCR-ABL, as processive phosphorylation of substrate followed by its binding to kinase is known phenomenon. Alternatively, BCR-ABL can phosphorylate its own residues that can pose binding sites for the interactors.
Our data show that GRB2 directly binds to phosphorylated Y177, which is necessary and sufficient for binding, as Y177F substitution abolishes binding. SOS1 also does not interact with Y177F BCR-ABL, however it is known interactor of GRB2 and therefore we did not analyze its binding by microarrays. Interestingly, cCBL also largely depends on Y177 for its binding to BCR-ABL. cCBL is also known CRKL interactor and deletion of CRKL binding sites PR1 and PR2 within IDR region also largely limited binding of cCBL. Lack of interaction of GRB2, SOS1 and cCBL with KD BCR-ABL and Δ TK can likely be attributed to lack of autophosphorylation of Y177 and/or the interactors.
For the remaining interactors we did not find as clearly defined binding site as for GRB2 and SOS1, as entire domains or larger epitopes of BCR-ABL were necessary to delete to limit binding. Deletion of DH and PH domains limited binding of STS1 and p85a PI3K and deletion of PH domain limited SHC1 binding. We found that CRKL requires proline rich regions in IDR for binding and that SHIP2 requires TK domain. Furthermore, we uncovered that SHIP2 mediates SHC1 phosphorylation in the BCR-ABL complex and that SHIP2 phosphatase activity is largely responsible for the mediation of the phosphorylation. Therefore, SHIP2 phosphatase activity may paradoxically contribute to Ras activation by SHC1.
Material and methods
Cell culture, vectors, transfection and CRISPR/Cas9 293T cells and NIH3T3 cells were obtained from ATCC, and propagated in DMEM media, supplemented with 10% FBS and antibiotics (ThermoFisher). All expression vectors are listed in Table S1 . Cells were transiently transfected using FuGENE HD, according to the manufacturer's protocol (Promega). p210 isoform b3a2 and p190 BCR-ABL sequences (isoform b3a2) were cloned into pCR3.1 vector with N-terminal FLAG tag. Polymerase chain reaction (PCR) mutagenesis was used to generate all BCR-ABL variants. GRB2 (RC200469), p85a-PI3K (RG210544) and SHIP2 (RC214716) vectors were obtained from Origene, CrkL (HG11261-CH) and Sts1 (HG13868-NF) vectors were obtained from Sino Biological. Their coding sequences were subcloned into modified pCMV6 entry vector, where C-terminal Myc-DDK tag was replaced by HIS-V5 tag using a NEBuilder HiFi DNA assembly kit (New England Biolabs). SHIP2 deletion in 293T cells was carried out by CRISPR/Cas9 technology (Ran et al. 2013) . CHOPCHOP tool was used to design sgRNAs for a pair of SpCas9n (D10A) nickases, which targeted 5´-CGATGGCAGCTTCCTGGTCC-3´, 5´-GCGCTCTGCGTCCTGTGAGT-3´ sites in the first exon of the SHIP2 gene ( Montague et al. 2014) . Successful targeting disrupted open reading frame of SHIP2, which was detected as loss of SHIP2 in individual clones by western blot. Targeted locus was PCR amplified using 5´-CCGGGCGGCCGCGGAGGAG-3´, 5´-TCTGGCGTCCCACCGCCCCAGAAAC-3´, inserted into pGEM T-Easy vector (Promega) and sequenced for determination of SHIP2 genotype.
Western blot and immunoprecipitation (IP) About 5×10 6 of transfected cells were lysed for 30 minutes at 4°C in 1 ml of IP lysis buffer containing 50 mM tris-HCl (pH 7.4), 150 mM NaCl, 0.5% NP-40, 2 mM EDTA, 1 mM Na 3 VO 4 and protease inhibitors (Roche). For IP, 25 ul of Dynabeads protein G (ThermoFisher) were bound to FLAG antibody (F1804, Sigma-Aldrich) or V5 antibody (R96025, Invitrogen) according to the manufacturer's protocol. Immunocomplexes were collected overnight at 4°C. Proteins attached to the beads were eluted to 60 ul of 2xLaemmli buffer. For western blot, cell lysates or immunoprecipitates were resolved by SDS-PAGE, transferred onto a PVDF membrane, and visualized by chemiluminiscence using Pierce ECL (Thermo Fisher Scientific), Immobilon Western (Millipore), Clarity (Biorad) or SuperSignal West Femto (Thermo Fisher Scientific) substrates. Table S2 lists all antibodies used in the study.
Gradient ultracentrifugation, BN-PAGE and proximity ligation assay (PLA)
The gradient ultracentrifugation was done as described before (Kunova Bosakova et al. 2019) . Briefly, the native lysates (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 0.5 % Igepal CA-630, 1 mM EDTA pH 8, 0.25 % sodium deoxycholate, 1 mM Na 2 VO 4 ; proteinase inhibitors) were cleared, loaded on 15-40% sucrose gradient (1 mM Tris-HCl pH 7.4, 150 mM NaCl, 3 mM MgCl 2 ; proteinase inhibitors), and centrifuged at 40,000 rpm/4 °C/16 hours using SW 40 Ti rotor (Beckman Coulter). Approximately 18 fractions were collected from each gradient, the proteins were precipitated with 10% TCA, dissolved in 2xLaemmli buffer and boiled. The respective fractions, as well as the cell lysates collected before ultracentrifugation were resolved by western blot, and co-sedimentation of the endogenous interaction partners with expressed BCR-ABL was analyzed by densitometry (ImageJ; http://imagej.nih.gov/ij/). To quantify western blots in shown in Fig. 1A , the relative abundance of each of the proteins in the dominant p190 BCR-ABL fractions (#6 in control and #5 in nilotinib treated cells) was calculated by densitometry of all fractions, and plotted. As only proteins saturated on BCR-ABL were analyzed, any peaks exceeding the relative optical density of 1 (red dashed lines) after treatment with nilotinib would suggest dissociation of the protein from the BCR-ABL complex, as observed with GRB2. Analogically, the peak of p85a-PI3K above 1 in control cells and absence of the protein in heavier BCR-ABL fractions suggest that not all BCR-ABL complexes involve p85a-PI3K. The BN-PAGE was carried out as described before (Kunova Bosakova et al. 2019 ). The native cell lysates have been loaded on 4-15% native gels, after the native electrophoresis the lane sample strips were excised from the gel, denatured and resolved in 12% SDS-PAGE gels. For Duolink® PLA (Sigma), cells were fixed in paraformaldehyde, post-fixed in ice-cold methanol and stained according to manufacturer´s protocol. Mouse FLAG (F1804; Sigma) and Goat V5 (sc-83849; Santa Cruz) antibodies were used for PLA; rabbit anti-c-ABL (2862S; Cell Signaling) was used to counterstain the transfected cells. Secondary antibodies conjugated with AlexaFluor488/594 were from Invitrogen. PLA counting analysis was done in Fiji (http://fiji.sc/Fiji) using maximum projections of Z-stacks.
Peptide microarrays Pepstar TM microarray technology (JPT Peptide Technologies GmbH, Germany) was used to identify sites in BCR-ABL involved in binding of individual core complex interactors. Peptide library was generated by dividing entire p210 BCR-ABL protein sequence into 13aa long peptides (674) with 10 residue overlap between neighbouring peptides. Peptides were synthesized and immobilized on a glass slide. To account for phosphorylation at known BCR-ABL sites, namely Y177, Y328, Y360 in BCR and Y89, Y134, Y147, Y158, Y191, Y204, Y234, Y251, Y272, Y276, Y312, Y412, S637-638, T735 in ABL, phosphorylated versions of the 94 corresponding peptides were also included in the microarrays. For each experiment, experimental and control microarrays were processed in parallel. Arrays were incubated with recombinant interactors. GRB2 (TP300469), SHC1 (TP304362), STS1 (TP303523), CRKL (TP308129) and cCbl (TP314069) were obtained from Origene, SHIP2 (P09-20G-10) and p85a-PI3K (P31-30H) were obtained from SignalChem. Signal was developed by incubation of arrays with primary antibodies against GST (G1160), FLAG (F1804, Sigma-Aldrich) and HIS (sc-8036, Santa-Cruz) and secondary, Cy-5-coupled antibody Jackson ImmunoResearch) . Arrays were scanned using InnoScan 1100 AL fluorescence scanner and data were analyzed by Mapix software (Innopsys). Each microarray slide contained three entire peptide libraries, which were analyzed as technical replicates. Fluorescence intensities from were plotted as a function of the peptide number (BCR-ABL primary sequence). First, the intensities from all spots in the control microarray were used to calculate arithmetic average (∅ c ) and the standard deviation (σ c ). If a signal intensity for a peptide spot in the control microarray exceeded value of (∅ c +1.σ c ) in all three replicates, the respective peptide (microarray spot) was excluded from further analysis. Subsequently, fluorescence intensities in negative control microarrays were subtracted from values in experimental microarrays and these values were used for all further analyses. To allow direct comparison of fluorescence intensities from the three technical replicates, relative fluorescence intensities for each peptide were calculated by dividing each signal by biggest value in respective microarray. Finally, relative fluorescence intensities from the three replicates were averaged, plotted as a function of the peptide number (BCR-ABL primary sequence) and arithmetic average (∅ ER ) and standard deviation (σ ER ) were calculated from the averaged fluorescence intensities. Potential binding site in the microarray was considered when at least three consecutive peptides exceeded (∅ ER +1.σ ER ) in all replicates. Zhou, Tianjun, Lois Parillon, Feng Li, Yihan Wang, Jeff Keats, Sarah Lamore, Qihong Xu, William Shakespeare, David Dalgarno, and Xiaotian Zhu. 2007 Figure 1 Nilotinib causes only partial dissolution of the BCR-ABL signaling complex (A) 293T cells were transfected with p190 BCR-ABL, native cells lysates were subjected to ultracentrifugation in the 15-40% sucrose gradient, and the collected fractions were analyzed by western blot. Note the various degree of co-sedimentation of BCR-ABL with p85α PI3K, GRB2, SHIP2, SHC1, SOS1, SHP2 and cCBL. Inhibition of BCR-ABL kinase activity with 100 nM nilotinib resulted in a shift of a fraction of the BCR-ABL complexes towards lighter fractions, suggesting partial dissolution of the BCR-ABL signaling complex. (B) The western blot analysis of proteins co-sedimenting with BCR-ABL (p85a-PI3K, GRB2 and SHIP2) was quantified as described in Material and methods. Note that portion of GRB2, but not SHIP2 or p85a-PI3K dissociated from the BCR-ABL complex after nilotinib treatment. Data represent a single experiment out of three independent experiments carried-out. The fractions containing most of the p190 BCR-ABL are highlighted in red. Phosphorylation (p) at ABL Y412 was used to determine the degree of BCR-ABL inhibition using nilotinib; actin serves as a loading control in total cells lysates used for ultracentrifugation. (C) Cells were transfected with FLAG-tagged p190 BCR-ABL, V5-tagged GRB2 or SHIP2, and treated with nilotinib, and subjected to PLA. The antibodies against protein tags were used in PLA (red); cABL antibody was used to counterstain the transfected cells (green). Cells transfected with BCR-ABL and an empty vector serves as negative control. Number of PLA dots per cell was calculated and graphed (10-90 percentile). Statistically dignificant differences were highlighted (Student's ttest with Welch's correction for unequal variances; *p<0.05, **p<0.01). Scale bars, 10 µm. 
Figure legends

Figure 3
The BCR-ABL signaling complex is preserved after nilotinib treatment 293T cells were transfected with p190 and p210 BCR-ABL alone (A) or together with STS1 (B), CRKL (C) and GRB2 (D). Cells treated with nilotinib (150 nM) are indicated by green arrows. Blue arrows indicate transfection with BCR-ABL variant devoid of kinase activity (KD), as evidenced by autophosphorylation (p) at ABL residue Y412. BCR-ABL was immunoprecipitated (IP) and binding of interaction partners was analyzed by western blot. Nilotinib diminished, but not completely inhibited binding of most interactors to BCR-ABL, with the exception of p85a-PI3K, which did not immunoprecipitate with BCR-ABL upon nilotinib treatment. Data are representative for three independents experiments (n=3). Actin serves as loading control in total cell lysates used for immunoprecipitation.
Figure 4 BCR-ABL variants used in the study
Schematic representation of generated p190 and p210 BCR-ABL variants. All constructs contain N-terminal FLAG epitope. The amino acid substitution are indicated in red; CC, coiled coil domain; DH, double homology domain; PH, pleckstrin homology domain; SH2, SH3, Src homology domain 2 and 3; TK, tyrosine kinase domain; IDR, intrinsically disordered region; FABD, F-actin binding domain; NLS, nuclear localization signal; PR, proline rich domain.
Figure 5
Interaction of GRB2, SOS1, cCBL and SHC1 with BCR-ABL (A) Secondary structure prediction of p210 BCR-ABL by IUPRED. Values above 0.5 indicate two disordered regions on the BCR-ABL N-and C-termini, involving Y177 and three NLS, respectively. (B) Scheme of the microarray analysis. Thirteen amino acid long peptides corresponding to the primary sequence of p210 BCR-ABL were spotted on microarrays, incubated with protein of interest, primary and fluorescently labeled secondary antibodies, and scanned. Fluorescence intensity values for each spot were used to indicate binding of protein to BCR-ABL peptides. (C) Microarrays indicate direct binding of GRB2 to phosphorylated Y177. Red lines on BCR-ABL scheme indicate potential binding sites. Graph shows intensities for phosphorylated (red) and non-phosphorylated peptides involving peptides with Y177. (D) Immunoprecipitation (IP) of BCR-ABL with GRB2 after expression in 293T cells; Y177F substitution abrogates Grb2 association with BCR-ABL, similar to kinase-dead BCR-ABL (arrows). (E, F) Co-immunoprecipitation of endogenous cCBL, SHC1 and SOS1 with transfected BCR-ABL in 293T cells. Y177F abrogates binding of SOS1 and largely limits binding of cCBL (arrows). (H) Scheme of the proposed interaction. Grb2 binds directly to phosphorylated Y177 and recruits SOS1. pCbl requires pY177 and proline rich (PR) motif for binding. SHC1 requires TK domain and also partially requires pleckstrin homology (PH) domain for binding. Data are representative for three independent experiments (n=3).
Figure 6
Interaction of CRKL and SHIP2 with BCR-ABL (A) BCR-ABL scheme with red lines indicating potential binding sites identified by microarray. Graph shows binding intensities for phosphorylated (red) and non-phosphorylated peptides; strong binding is shown for phosphorylated Y89, Y134 and Y312. (B) Immunoprecipitation of BCR-ABL with CRKL in transfected 293T cells. Deletion of IDR and both PR1 and PR2 sites (constructs Δ PR1 and Δ PR1-2) largely limits CRKL co-IP with BCR-ABL (arrows). Substituting Y89, Y134 and Y312 to phenylalanines (3YF) produced no effect on CRKL interaction with BCR-ABL. cCBL also binds less to mutants lacking PR1 and PR2 sites, suggesting at least some proportion of cCBL binds to BCR-ABL via CRKL. (C) Microarray analysis of SHIP2 binding to BCR-ABL shows multiple binding sites in the SH3-SH2-TK domains, association with the tyrosine-phosphorylated motifs is indicated in red. (D) Immunoprecipitation of BCR-ABL constructs with SHIP2 in transfected 293T cells. Deletion of SH3-SH2-TK´(ΔST), or TK domain (ΔTK) largely limits SHIP2 binding (arrows). Substituting Y89, Y134, Y158, Y257, Y312 and Y469 to phenylalanines (Y6F) had no effect on SHIP2 binding. SHC1 associated with BCR-ABL in a manner similar to SHIP2, suggesting mutual interaction. (E) Scheme of proposed interaction. CRKL binds to region containing PR1 and PR2 and partially mediates cCBL binding. SHIP2 binds to the TK region of ABL. Data are representative for three independent experiments (n=3).
Figure 7
Analysis of p85a-PI3K and STS1 interaction with BCR-ABL
